Transverse-field muon spin rotation (TF-µSR) experiments in the heavy-fermion superconductor PrOs 4 Sb 12 (T c = 1.85 K) suggest that the superconducting penetration depth λ(T ) is temperatureindependent at low temperatures, consistent with a gapped quasiparticle excitation spectrum. In contrast, radiofrequency (rf) inductive measurements yield a stronger temperature dependence of λ(T ), indicative of point nodes in the gap. Muon Knight shift measurements in the normal state of PrOs 4 Sb 12 suggest that the perturbing effect of the muon charge on the neighboring Pr 3+ crystalline electric field is negligibly small, and therefore is unlikely to cause the difference between the TF-µSR and rf results. The discrepancy appears to be related to multiband superconductivity in PrOs 4 Sb 12 .
I. INTRODUCTION
In the phenomenon of multiband superconductivity (MBSC), which was first treated theoretically in 1959 using BCS theory, 1 distinct energy gaps open up on different sheets of the Fermi surface in the superconducting state. One of the well-studied multiband superconductors is the binary intermetallic compound MgB 2 , 2,3,4 which has two bands and two superconducting gaps. Based on a quasiclassical theory, microscopic calculations of the electronic structure in the vortex state have been made in a two-band superconducting model. 5, 6 These suggest that at low applied fields the dominant contribution to the change of the total density of states (DOS) comes from the small-gap band, which gives rise to spatially extended quasiparticles (QPs). At high fields these loosely bound states become delocalized, with the vortex core size determined by the more localized states associated with the larger gap. The presence of delocalized QPs modifies the DOS, transport properties associated with the quasiparticles, and the spatial field distribution around a vortex.
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Recently strong evidence for MBSC has been found in the filled skutterudite PrOs 4 Sb 12 from thermal transport measurements in the vortex state. 8, 9 PrOs 4 Sb 12 has attracted much attention since its superconductivity was discovered in 2002. 10 It is the only known Prbased heavy-fermion superconductor (T c = 1.85 K) and exhibits a number of extraordinary properties. 11 The Pr 3+ ground state is a nonmagnetic Γ 1 singlet, which is separated from a Γ
4 first excited state (tetrahedral notation 12 ) by only ∼10 K. 13, 14, 15, 16 A novel ordered phase appears at high fields and low temperatures. There is evidence that time-reversal symmetry is broken in the superconducting state. 17 Radiofrequency (rf) inductive measurements of the magnetic penetration depth λ in the Meissner state, 18 thermal conductivity measurements in a rotated magnetic field, 19 and flux-line lattice distortion 20 all suggest nodes in the superconducting gap. A double superconducting transition has been observed in specific heat measurements. 13, 21, 22, 23 However, recent specific heat and heat transport measurements 9 on a highly homogeneous single crystal show only one transition peak in the specific heat and a fully-gapped Fermi surface. The latter result is corroborated by angle-dependent specific heat measurements on single crystals. 24 Previous transverse-field muon spin rotation (TF- The present article reports a detailed TF-µSR study of PrOs 4 Sb 12 . TF-µSR experiments 26 have proved invaluable in characterizing both the superconducting and normal states of superconducting materials; 29, 30 in particular, a TF-µSR study 31 of superconducting NbSe 2
clearly revealed effects of MBSC on the vortex-state field distribution in this compound.
We compare TF-µSR and rf inductive penetration depth measurements in superconducting PrOs 4 Sb 12 , and discuss the previously-reported 32 discrepancy between these measurements in terms of extreme MBSC in PrOs 4 Sb 12 . Preliminary reports of parts of this work have been published.
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We have also carried out TF-µSR measurements of the Knight shift in the normal state This precession is detected using the asymmetry of the µ + beta decay (the decay positron is emitted preferentially in the direction of the µ + spin). The distribution of µ + precession frequencies directly reflects the distribution of magnetic fields in the sample. Thus TF-µSR can be used to measure the magnetic field distribution of the vortex lattice in a type-II superconductor and the local magnetic susceptibility in the normal state.
In the vortex lattice each vortex possesses a normal-state-like core with radius of order of the superconducting coherence length ξ, surrounded by a shielding supercurrent. These supercurrents give rise to an inhomogeneous magnetic field that is periodic in the vortex
lattice. An analytical Ginzburg-Landau (GL) model for the spatial field profile B(r) (Ref. 39) yields
where the K are the reciprocal lattice vectors of the vortex unit cell,
Bessel function, b = B/B c2 is the reduced field, and
with ξ the GL coherence length. This result is valid in the limit λ 2 K 2 min ≫ 1, where K min is the smallest nonzero reciprocal lattice vector.
TF-µSR is a sensitive probe of this field distribution. 29 The functional form of the µ + spin relaxation, which depends on the field distribution, is fit to the functional form G(t) cos(ω µ t+ φ), where the frequency ω µ and phase φ describe the average µ + precession and the relaxation function G(t) describes the loss of phase coherence due to the distribution of precession frequencies. The relaxation rate associated with G(t) is a measure of the rms width δB of this distribution. The expression
where Φ 0 is the flux quantum, then gives a rough estimate of λ for a triangular vortex lattice in the London limit (λ ≫ ξ). 
B. Muon Knight shift
In TF-µSR the total field at the µ + site is given by the sum of the applied field H, the internal field induced by the applied field, and the demagnetization and Lorentz fields.
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The relative µ + frequency shift
where ω ref = γ µ H is the µ + frequency in "free space" (i.e., no condensed matter effects), must be corrected for the contribution of the demagnetization and Lorentz fields K DL to obtain the µ + Knight shift
which contains the relevant information about the local magnetic susceptibility.
In a paramagnetic metal, K µ originates from hyperfine fields produced by the fieldinduced polarization of conduction electrons and localized electronic moments. The contribution from the conduction electrons is temperature independent and is usually very small, of the order of 100 ppm. 43 The local moments, in the present work the Pr 3+ ions, contribute to K µ via two coupling mechanisms: (1) the dipolar interaction between the local moments and the µ + , which may be described as a dipolar field at the µ + interstitial site, and (2) the indirect RKKY interaction, 43 in which an additional spin polarization of the conduction electrons due to the local moments produces a hyperfine contact field at the interstitial µ + . Both contributions are proportional to the local-moment susceptibility:
in the principal-axis coordinate system of the dipolar tensor A dip , where the A ii dip are the diagonal elements of A dip and A con is the contact hyperfine coupling constant, assumed isotropic. For a cubic lattice (χ x = χ y = χ z ), only the hyperfine contact field at the interstitial µ + site contributes to the average shift K µ = 
where O for which an additional sixth-order term appears in the CEF Hamiltonian [Eq. (7)]. This term mixes the Γ 4 and Γ 5 triplet wave functions with each other 12 but has a relatively small effect on the CEF energies. 16 If it is predominant, a Γ 4 or Γ 5 triplet will be the ground state, inconsistent with the singlet ground state in nonmagnetic PrOs 4 Sb 12 . However, if this term is small, the change in the physical properties in zero magnetic field can be approximated by changing the parameters in the cubic CEF Hamiltonian [Eq. (7)] slightly. Thus we use the cubic CEF Hamiltonian for simplicity.
In the presence of an external magnetic field, the Zeeman interaction mixes and splits the CEF energy levels. The magnetic susceptibility is given by
where the E (0)
n are the unperturbed cubic CEF levels, E
(1) n = µ B g φ n |J|φ n with φ the CEF wave functions and g the Landé g-factor, and
In the molecular-field approximation, the measured magnetic susceptibility χ is given by
, where ℓ is the molecular field parameter that describes exchange interactions between Pr 3+ ions.
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Equation (8) shows that the observed susceptibility is directly related to the local CEF energy levels. As noted above, if we take into account possible muon-induced change of the CEF, we must consider a modified CEF Hamiltonian to calculate the resultant change of the 
II. EXPERIMENTS
TF-µSR experiments were carried out at the M15 and M20 channels at TRIUMF, Vancouver, Canada, on a mosaic of oriented PrOs 4 Sb 12 crystals. The crystals were mounted on a thin GaAs backing, which rapidly depolarizes muons in transverse field and minimizes any spurious signal from muons that do not stop in the sample. TF-µSR asymmetry data 26 were taken for temperatures in the range 0.02-250 K and µ 0 H between 10 mT and 1.0 T applied parallel to the 100 axes of the crystals. For the µ + Knight shift measurements, the applied field was determined by measuring the precession frequency of muons that stopped in a small piece of silver foil included with the sample. 
III. EXPERIMENTAL RESULTS

A. Superconducting-state TF-µSR and magnetic penetration depth
In this section we describe the temperature and field dependencies of the TF-µSR relaxation data in superconducting PrOs 4 Sb 12 , and compare the superconducting penetration depth λ(T ) obtained from these data with inductive measurements 18 in the Meissner state.
We concentrate on λ(T ) at low temperatures, where power-law behavior is evidence for gap nodes and temperature-independent (or activated) behavior signals a fully-gapped Fermi surface. The behavior of the data at higher temperatures is more complicated and will not be considered in detail. Furthermore, as noted above in Sec. I A, the effective TF-µSR penetration depth is expected to be field dependent, and approximates the true value only as H → 0. 30 Thus we concentrate on the results at low temperatures and (for the TF-µSR data) low fields. It can be seen that λ µSR (T ) is nearly constant below ∼0.6 K, indicative of a fully gapped Circles: λ µSR from Gaussian fits and Eq. (11).
quasiparticle excitation spectrum. As previously noted 25 the BCS low-temperature expression λ(T ) = λ(0)(1 + π∆/2T e −∆/T ) (curve in Fig. 1 ) gives a good fit to the TF-µSR data for T ≤ 0.5T c , suggesting that the energy gap is isotropic. The increase of λ rf (T ) (triangles) with increasing temperature is much stronger than the increase of λ µSR (T ) and follows a power law A + BT n , n ≈ 2 (Ref. 18) . This is the discrepancy between the measurements noted above; a possible resolution is discussed in Sec. IV A.
As a test of the sensitivity of λ µSR to the data fitting procedure, the functional form G(t) cos(ωt + φ), with a damped Gaussian envelope
was also used to fit the TF-µSR data from both the normal and superconducting states.
In the normal state, where this function provides a good fit, the Gaussian relaxation arises from quasistatic Sb nuclear dipolar fields. Determination of the vortex-state field distribution width requires correction for the normal-state relaxation. We take the superconducting-state Gaussian rate σ s to be given by
n , where σ n is the normal-state rate.
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Equation (3) relates the second moment δB 2 of field distribution to λ in the London limit.
The second moment of the corresponding µ + frequency distribution is δω 2 = γ 
As noted above the rms width σ s of the best-fit Gaussian is not necessarily δω, so that replacement of δω in Eq. (11) by σ s is not completely justified. Nevertheless σ s should scale with δω, and within its range of validity Eq. (11) should give the correct temperature dependence of λ. This is because under these circumstances effects of nonzero ξ are restricted to the high-field tail of field distribution, which is not heavily weighted in a Gaussian fit (cf. Fig. 1 are shown in the inset of Fig. 1 for an applied field of 10 mT. The results agree very well, giving strong evidence that λ µSR is robust with respect to very different fitting strategies. Figure 2 gives the temperature dependence of the corrected superconducting-state µ + spin relaxation rate σ s (T ), normalized to the zero-temperature value σ(0), for µ 0 H = 10, 20, and 100 mT. The relaxation rates are well described by a power-law temperature Fig. 2 ) over the entire temperature range T < T c (H), with the parameter values given in Table I . For all of the present data n 4, and for µ 0 H = 10 and 20 mT σ s (T ) is nearly temperature-independent below ∼0.8 K. These features suggest the absence of gap nodes 25, 29, 42 at these fields. We should note, however, that such power-law fits have no clear physical interpretation and, furthermore, are dominated by the behavior of σ s (T ) at higher temperatures, which is not the concern of this article.
The large values of n are merely signatures of the near temperature independence at low temperatures.
The normalized inverse-square penetration depth λ 2 (0)/λ 2 (T ) from rf measurements us-ing λ(0) = 0.353 µm (Fig. 1) , which is equal to σ s (T )/σ s (0) in London superconductor as noted above, is also shown in Fig. 2 for comparison. For low fields a small but clear discrepancy at low temperatures can be seen: the relaxation rates decrease significantly less rapidly than λ 2 (0)/λ 2 (T ) with increasing temperature. This is of course the same discrepancy shown in Fig. 1 . As noted above the effective penetration depth from TF-µSR can be modified by vortex interactions at higher fields; 30 the decrease of n with increasing field (Table I ) may reflect such an effect. Table I ), so that the situation for µ 0 H = 100 mT is uncertain.
These results, together with a previous TF-µSR study on a different sample, 25 indicate a generally flatter temperature dependence of λ µSR (T ) at low temperatures compared to that of λ rf (T ). As a whole the data suggest that the λ µSR -λ rf discrepancy is intrinsic and robust for low fields ( 20 mT), where the µSR penetration depth determination is most reliable.
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It can also be seen in Table I that the zero-temperature relaxation rate is essentially independent of field. In an isotropic superconductor such as cubic PrOs 4 Sb 12 vortex-lattice disorder is expected to increase the low-field rate; increasing field (increasing vortex density) then decreases the rate as intervortex interactions stabilize the lattice. 29, 49 Thus the field independence of the low-temperature rate indicates a substantially ordered vortex lattice at all fields, in which case the temperature dependence of the rate is controlled solely by the temperature dependence of the effective penetration depth.
B. Magnetic susceptibility
The temperature dependence of the normal-state magnetic susceptibility of the PrOs 4 Sb 12 sample used in the TF-µSR experiments has been determined using a commercial SQUID magnetometer. Figure 3 shows the measured bulk susceptibility (circles). The data were fit to the model of CEF-split Pr 3+ ions with cubic O h symmetry interacting via a molecular field as discussed in Sec. I C. The resulting temperature dependence is given by the curve in Fig . 3 . The fit values of the CEF parameters in Eq. (7) are listed in Table II . The fit value of the molecular field parameter ℓ was found to be −1.67 mole/emu, which is close to the value of −2.54 mole/emu found by Tayama et al.
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C. Normal-state muon Knight shift
We have performed TF-µSR experiments at applied field µ 0 H = 1.0 T in the normal state of PrOs 4 Sb 12 . Since the µ + frequency shift is proportional to the magnetic field at the µ + site, it is resolved better at higher fields. Fig. 4(a) shows the temperature dependence of the muon-spin precession frequencies from the sample and an Ag reference. Silver was used because Ag nuclear dipole fields are weak, leading to a well-defined reference frequency (narrow line), and the µ + Knight shift in Ag is known (94 ppm). 52 One can extract the µ + frequency to an accuracy of ∼100 ppm. 34 The temperature dependence of the relative µ + frequency shift K * µ is shown in Fig. 4 (b) . . We subtract this from K * µ to obtain the corrected µ + Knight shift K µ (Fig. 5, circles) . A linear relation is obtained for χ emu mole −1 (T 6.3 K). This implies that at high temperatures the µ + shift samples the same electrons that produce the large temperature-dependent bulk susceptibility component.
Such behavior is generally expected from the "bulk" Knight shift K bulk in the absence of local perturbations. Only a small deviation from linearity (a single point) appears below 6.3 K.
As discussed in Sec. I B, the average shift arises solely from the hyperfine contact field at the interstitial µ + for a cubic lattice. The dipole-dipole interaction, however, may split or broaden the µ + line. Assuming the most probable µ + stopping site (
, 0, 0.15) determined by Aoki et al., 17 , we obtain a calculated dipolar Knight shift tensor with the following principal values for field directions (x, y, z) (cf. first column of Table III) :
Thus in the absence of additional broadening the µ + spectrum should be split into three lines of equal weight. The observed relative rms linewidth δK µ = 4.68 × 10 −2 χ mol (data of Fig. 4(c) ; dependence on χ mol not shown) is, however, larger than the rms spread
−2 χ mol . Thus the dipolar splitting cannot be resolved, although it contributes significantly to the linewidth. Our TF-µSR measurements were performed for applied field µ 0 H ≥ 10 mT ≈ H S c2 . Then the small-gap states and their contributions to screening supercurrents are nearly uniform, the vortex-state field inhomogeneity is mainly due to large-gap suppercurrents, and λ exhibits an activated temperature dependence if the large gap is nodeless. In contrast, the rf measurement of the surface penetration depth was performed in the Meissner state. Both large-and small-gap Cooper pairs contribute to the superfluid density. Its temperature dependence is controlled by both small-and large-gap superfluid densities; the small-gap contribution dominates the temperature dependence at low temperatures. Then the temperature dependence of the penetration depth in the vortex state from TF-µSR is weaker than that in the Meissner state from rf measurements. It should be noted that in this scenario the TF-µSR measurements give no information on the nodal structure of the small gap.
B. Low-temperature Knight shift
In Fig. 5, a • The deviation of K µ (χ) from linearity in PrOs 4 Sb 12 is very small (Fig. 5 ).
• The superconducting transition temperature measured by TF-µSR is consistent with the bulk superconducting value (see Fig. 2 ), so that this signature of superconductivity is not affected by the µ + charge.
• • Schenck et al. 55 concluded from ZF-µSR studies that the spin fluctuations of the Pr Our ZF-and LF-µSR measurements 48 suggest instead that the observed dynamic µ + relaxation is due to the 141 Pr nuclear spin system with an hyperfine-enhanced effective nuclear moment.
We now discuss the small deviation from the linear K-χ relation that appears in Fig. 5 below 6.3 K. It should be noted that muon-induced CEF modification is not the only mech-anism for a nonlinear K(χ). only the two nearest Pr 3+ ions contribute to the contact interaction at the µ + site. Based on these assumptions, with the principal axes of χ chosen as the coordinate frame (x, y, z), the Knight shift with the external field in the i direction (i = x, y or z) may be written as
Here χ Table III . We take A con to be the slope of K µ -χ in Fig. 5 , since the tensor A dip is traceless and the sum i A ii dip vanishes as can be seen from Table III . In order to obtain the values of χ local i , we must modify H CEF to produce the required level changes. In the presence of a muon, the symmetry of the neighboring Pr 3+ ions is not the original cubic symmetry, but rather a very approximate tetragonal (C 4v ) symmetry. The H CEF,tet = B 
which has five free parameters, compared to two in the original cubic Hamiltonian. In principle, the muon may modify the charge distribution around the Pr ions in every direction.
However, if we only consider changes occurring along the Pr 3+ -µ + axis for simplicity, it has been shown that B Table II under the columns with heading C 4v . The changes in the parameters, which are very small and probably not statistically significant,
give rise to a correspondingly small rearrangement of the local energy levels. A comparison of bulk and locally perturbed energy level scheme of PrOs 4 Sb 12 is shown in Fig. 7 . We see that the change of splitting between the ground state and first excited state energies is only 0.3 K, and conclude that the perturbing effect of the µ + charge in PrOs 4 Sb 12 is negligibly small.
V. CONCLUSIONS
In this paper we have presented TF-µSR results in the first Pr-based heavy-fermion superconductor PrOs 4 Sb 12 . It is found experimentally that the effective penetration depth λ eff is temperature-independent in the vortex state for low temperatures, consistent with a nonzero gap for quasiparticle excitations. In contrast, the temperature dependence of the penetration depth from rf inductive measurements suggests point nodes in the gap.
This discrepancy can be resolved in a scenario based on the recent discovery of two-band 
